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ABSTRACT 
 
Two indole-based squaraine dyes bonded to two pyrenyl groups through vinyl- and 
ethynyl- linkers were synthesized with the aim of enhancing the intramolecular charge transfer 
interaction in addition to improving their optical properties. The absorption and emission 
properties of these derivatives were determined in order to gain an insight into the intensity of this 
type of interaction, their aggregation behavior and compare them with results obtained through 
quantum chemical calculations. Both compounds presented high photochemical stability in THF, 
and the linear spectroscopic characterization revealed high extinction coefficients, large 
fluorescence quantum yields and relatively low tendency of forming excimers in several solvents. 
The nonlinear spectroscopic study revealed two-photon absorption cross section maxima greater 
than 10,000 GM (1 GM = 1 × 10-50 cm4 s/photon), which are improved values in comparison with 
the indole-based squaraine core. The experimental results were compared with time-dependent 
DFT calculations. These observations propose a new trend in the formulation of highly absorbing 
organic molecules containing pyrenyl groups for the development of new materials with Organic 
Light-Emitting Diode (OLED) applications. Moreover, this work contributes to the study of 
intramolecular charge transfer interaction and its tailoring for the improvement of the linear and 
nonlinear optical properties. 
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CHAPTER 1: INTRODUCTION 
 Based on the pioneering studies of organic light-emitting diodes (OLEDs)1 an effort has 
been made to synthesize and characterize organic compounds with linear and nonlinear optical 
(NLO) properties that are adequate for optoelectronic devices.1-5 Among these compounds, those 
containing polycyclic aromatic hydrocarbons (PAHs) have drawn much attention due to their 
extended π-conjugation that provides them with unique photophysical and charge transport 
properties.6-7  
Pyrene belongs to the family of the PAHs, and its use in the design of optical devices has 
increased due to its tunable electrochemical and photophysical properties as a result of its strong 
π-electron delocalization over the four fused benzene rings, the possibility of suitable substitution 
at different positions, and good thermal stability.6, 8  Pyrene derivatives have been used in 
electronic devices, such as OLED’s, organic field-effect transistors (OFETs)9-11 and organic 
photovoltaic devices (OPVs).3 In the same way, their application in the synthesis of 
hydrophobically labeled water soluble polymers, in the labeling of oligonucleotides for DNA 
assay,12 and as a microenviroment probe have been previously reported.13 On the other hand, while 
the concentration effect in the quenching of the molecular fluorescence of pyrene derivatives limits 
their application in optoelectronic devices,14-17 the appearance of the excimer emission signal can 
be beneficial for the design of fluorescence sensors of solvent polarity or viscosity and for the 
targeting of specific sequences in DNA.18  
The application of the two-photon absorption (2PA) process in numerous fields, including 
optical data storage storage,19 photodynamic therapy (PDT),20 fluorescence bioimaging,21 three-
dimensional (3D) microfabrication,22 and upconverted lasing,23 has encouraged the search for new  
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Figure 1. Molecular Structure of pyrene (a) and an indole-based squaraine dye (b) 
 
organic dyes based on the squaraine core (C4O2). Squaraine dyes are very attractive polymethine-
like structures owing to their strong electron withdrawing character, and when attached to electron 
donor groups can exhibit intramolecular charge transfer as well as two-photon absorption 
properties.24-27 Both their intense absorption in the visible-NIR spectral range and their associated 
emission arise from their donor-acceptor-donor (D-A-D) charge transfer interaction, which 
provides these organic dyes with a high transition dipole moment and a resonance stabilization of 
the zwitterionic structure.28-35 In order to exploit the advantages of these derivatives, the nature of 
the donor groups in 1,3-disubstitued squaraine dyes has been tailored to enhance their 2PA, 
typically by trying to increase their donor character while extending the π-conjugation of the 
molecular system. The synthetic strategies, potential applications, and structure-property relations 
of these types of squaraine dyes have been extensively studied.24-27, 31, 34-38 
In our previous work39 two squaraine units were attached to a central fluorene core via 
ethyne bridges. Ethyne bridges were chosen to enhance planarity and therefore the conjugation 
between the squaraine groups and fluorene.40-41 Quantum calculations on the two photon 
absorption behavior of this molecule indicated that the highest 2PA cross sections were due to 
intramolecular charge transfer between the fluorene and the two squaraines. This conclusion is in 
agreement with the accepted understanding that high two photon absorption is related to the degree 
O
O
-
N
N
+
(a) (b)
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of intramolecular charge transfer.42 It is therefore likely that the functionalization of a squaraine 
core with pyrenyl groups would lead to the enhancement of the electronic transfer interaction 
which may also result in a greater 2PA cross-section desirable for biological and optoelectronic 
applications.43 Herein, we have synthesized two pyrene terminated 1,3-disubstitued indole-based 
squaraine dyes using vinyl and ethynyl linkages and studied their linear and NLO properties in 
solution. With the implementation of these two linkers we expected to favor the coplanarity of the 
system in order to enhance the electron charge transfer interaction through the whole π-conjugated 
system.44-46  
With the aim of examining the photophysical properties of these two pyrenyl-terminated 
squaraine dyes, we synthesized both the vinyl and ethynyl linked dyes and conducted the following 
measurements on each one: (1) one-photon absorption, photochemical stability, fluorescence 
emission and quantum yield in dichloromethane (DCM), tetrahydrofuran (THF) and toluene 
(TOL); (2) excitation anisotropy; (3) spectral changes induced by the presence of water; (4) 
concentration dependence of the fluorescence emission; and (5) 2PA of both dyes. In addition 
quantum chemical calculations were performed in order to better understand and interpret 
experimental results. 
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CHAPTER 2: MATERIALS AND METHODS 
2.1 Experimental details 
All reagents and solvents were used as received from commercial suppliers unless 
otherwise noted. 1H and 13C NMR spectra were acquired on a Varian NMR spectrometer at 500 
and 125 MHz, respectively. High resolution MS was performed at the University of Florida. 1-
Ethynylpyrene was purchased from VWR International. The synthesis of both 1 and 2 are shown 
in Scheme 1. Preparation of 4 and 5 were done following the procedure reported in our previous 
work39. 1-vinylpyrene was synthesized according to the method proposed in the literature
47. 
2.2 Preparation of 2,4-Bis[(5-Bromo-1-ethyl-3,3-dimethyl-2,3- dihydroindol-2-ylidene)methyl] 
cyclobutenediylium-1,3-diolate (7).  
5-Bromo-1-ethyl-2, 3, 3-trimethyl-3H-indolium iodide (0.610 g, 1.55 mmol) was 
suspended in hexane (6 mL) under nitrogen. Aqueous sodium hydroxide (4 N) was added (0.6 mL) 
with vigorous stirring, and the solution slowly turned clear yellow as the solid dissolved. The 
aqueous layer was removed and the organic layer was washed two times with deionized water. 
This hexane solution of methylene base was then added to a suspension of squaric acid (0.086 g, 
0.75 mmol) in a mixture of toluene (15 mL) and 1-butanol (15 mL). The mixture was then refluxed 
using a Dean-Stark trap for a total of three hours. The color turned slowly to dark blue once the 
temperature increased to over 100°C. The reaction was then cooled to room temperature, solvent 
was removed under vacuum, and the resulting solid was dissolved in CH2Cl2 and purified by 
column chromatography (beginning with pure CH2Cl2 and increasing to 2% methanol in CH2Cl2) 
to yield 411 mg (89%) of a copper-colored crystalline solid. Final purification was accomplished 
by recrystallization in dichloromethane/cyclohexane. 1H NMR (500 MHz, CDCl3) δ 1.28 – 1.49  
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(6 H, t, J 7.2), 1.68 – 1.89 (12 H, s), 3.91 – 4.19 (4 H, broad s), 5.89 – 6.03 (2 H, s), 6.84 – 6.88 (2 
H, d, J 8.3), 7.41 – 7.45 (2 H, dd, J 8.3, 1.9), 7.45 – 7.49 (1 H, d, J 1.8). 13C NMR (126 MHz, 
CDCl3) δ 11.92, 27.00, 38.56, 49.40, 86.78, 110.41, 116.64, 125.79, 130.73, 141.02, 144.46, 
169.10, 180.57, 182.13. Anal. Calcd. for C30H30N2O2Br2: C, 59.04; H, 4.92; N, 4.59; found C, 
58.86; H, 5.03; N, 4.58. 
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2.3 Preparation of 2,4-Bis[(5-{1-vinylpyrene}-1-ethyl-3,3-dimethyl-2,3-dihydroindol-2-
ylidene)methyl]cyclobutenediylium-1,3-diiolate (1). 
2,4-Bis[(5-Bromo-1-ethyl-3,3-dimethyl-2,3-dihydroindol-2-ylidene)methyl] 
cyclobutenediylium-1,3-diolate (0.334 g, 0.55 mmol), Palladium(II) acetate (0.004 g, 0.02 mmol), 
cesium carbonate (0.448 g, 1.38 mmol) and Tetra-n-butylammonium bromide (0.354 g, 1.09 mmol) 
and N,N-Dimethylformamide (10 ml) were mixed in N2 atmosphere. Then 1-vinylpyrene 0.250 g, 
1.09 mmol) was added and the mixture was heated to 80 °C. The reaction was followed by TLC. 
After 80 h the reaction was cooled and solvent was removed under vacuum. The resulting solid 
was purified by an Isolera flash chromatography system using CH2Cl2 and increasing to 1% 
methanol in CH2Cl2 to yield 0.345 g, (69 %) of green solid. 1H NMR (500 MHz, CDCl3) δ 1.46 
(6 H, t, J = 7.21 Hz), 1.91 (12 H, s), 4.14 (4 H, s), 6.04 (2 H, s), 7.06 (2 H, d, J = 8.07 Hz), 7.38 (1 
H, s), 7.42 (1 H, s), 7.62 (2 H, dd, J = 8.19, 1.59 Hz), 7.72 (2H, d, J = 1.47 Hz), 8.00 - 8.22 (16 H, 
m), 8.34 (2 H, d, J = 7.83 Hz), 8.55 (2 H, d, J = 9.54 Hz). 13C NMR (126 MHz, CDCl3) δ 12.16, 
27.19, 38.64, 49.3, 86.95, 109.38, 120.16, 123.07, 123.59, 124.81, 125.01, 125.08, 125.19, 125.33, 
126.05, 127.2, 127.3, 127.48, 127.65, 128.38, 130.86, 131, 131.33, 131.58, 131.96, 133.94, 134.2, 
141.79, 143.13, 169.21, 179.54, 182.44. HR-MS theoretical m/z [M+H]+ = 905.4101; found 
[M+H]+ = 905.4054.  
2.4 Preparation of 2,4-Bis[(5-{1-ethynylpyrene}-1-ethyl-3,3-dimethyl-2,3-dihydroindol-2-
ylidene)methyl]cyclobutenediylium-1,3-diiolate (2). 
2,4-Bis[(5-Bromo-1-ethyl-3,3-dimethyl-2,3-dihydroindol-2-ylidene)methyl] 
cyclobutenediylium-1,3-diolate (10) (0.305 g, 0.50 mmol), dichlorobis(benzonitrile)palladium(II) 
(0.015 g, 0.04 mmol), copper(I) iodide (0.008 g, 0.04 mmol), triphenylphosphine (0.017 g, 0.06 
mmol), diisopropylamine (0.6 mL) and toluene (14 mL) were all combined in a sealed reaction 
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tube in a glovebox. 1-ethynylpyrene (0.232 g, 1.03 mmol) was added and the mixture was heated 
to 60 - 65°C. The reaction was followed by TLC. After 80 h the reaction was cooled and solvent 
was removed under vacuum. The resulting green solid was purified by column chromatography 
beginning with pure CH2Cl2 and increasing to 1% methanol in CH2Cl2 to yield 0.076 g (17%) of 
green solid. Final purification was accomplished by recrystallization in dichloromethane/methanol. 
1H NMR δ H (500 MHz, CD2Cl2) 1.38 – 1.53 (6 H, t, J 7.3), 1.83 – 1.98 (12 H, s), 4.08 – 4.26 (4 
H, s), 5.99 – 6.12 (2 H, s), 7.07 – 7.20 (2 H, d, J 8.7), 7.68 – 7.83 (4 H, m), 8.05 – 8.36 (16 H, m), 
8.69 – 8.80 (2 H, d, J 9.1).  13C NMR (126 MHz, CD2Cl2) δ 12.33, 27.25, 39.13, 49.60, 87.65, 
89.06, 95.96, 109.85, 118.26, 118.76, 124.69, 124.89, 125.07, 125.85, 125.96, 126.08, 126.80, 
127.65, 128.57, 128.81, 129.92, 131.53, 131.66, 131.73, 132.12, 132.27, 142.70, 143.08, 169.54, 
181.47, 182.03. HR-MS theoretical m/z [M-H]+ = 899.3632 and [M+CH3]
+ = 915.3945; found [M-
H]+ = 899.3640 and [M+CH3]
+ = 915.3912. 
2.5 Linear Characterizations. 
Absorption measurements were performed on an Agilent 8453, and fluorescence 
measurements on an Edinburgh Instruments FLS980. Solutions of the compounds (~ 10-6 M) were 
prepared in 10 mm quartz cuvettes using spectroscopic grade solvents. Fluorescence spectra were 
collected using a red-sensitive photomultiplier (PMT), and corrected for the responsivity of the 
detector. Quantum yields of fluorescence were calculated relative to a standard: Cresyl violet (Фf 
= 0.54).48 Excitation anisotropy measurements were performed in the viscous solvent silicone oil 
so as to retard the molecular rotational movements. Lifetime decays of the observed fluorescence 
signals were determined using a 670 nm EPL diode laser, with a time resolution of ≈ 0.2 ns. 
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Photodecomposition quantum yields, ΦPh, were determined through irradiating sample 
solutions with a 650 nm diode laser (≈ 500 mW cm-2) and recording absorption spectra at timed 
intervals. This data was used in equation (1), where D(λ, 0), D(λ, tir), ε(λ), t and λ are the initial 
and final optical density of the solution, extinction coefficient (M−1 cm−1), irradiation time (s) and 
excitation wavelength, respectively; NA the Avogadro's number; tir the total irradiation time; I0(λ) 
is the spectral distribution of the excitation irradiance.30 
2.6 Non-Linear Photophysical Characterizations 
Degenerate two-photon absorption measurements were collected over a broad spectral 
region through the open aperture Z-scan technique utilising an amplified femtosecond laser system 
(Coherent Inc.).29 Solutions of the compounds were prepared in DCM in the range 10-2 to 10-4 M. 
The 800 nm output of a Mira 900-F Ti:sapphire laser (repetition rate, f = 76 MHz; average power 
≈ 1.1 W; pulse duration, τP ≈ 200 fs) pumped by the second harmonic of CW Nd3+:YAG laser 
(Verdi-10), was regeneratively amplified with a 1 kHz repetition rate (Legend Elite USP) 
providing ≈ 100 fs pulses (FWHM) with energy ≈ 3.6 mJ pulse−1. This output at 800 nm was used 
to pump an ultrafast optical parametric amplifier (OPerA Solo (OPA), Coherent Inc.) with a tuning 
range 0.24–20 μm, τP ≈ 100 fs (FWHM), and pulse energies, EP, up to ≈100 mJ. This setup is 
described in previous literature.28 
2.7 Quantum Chemical Calculations 
Density functional theory (DFT) calculations were performed on the molecules with the 
GAUSSIAN09 software package.49 The structures were initially optimized using the B3LYP DFT 
Φ𝑃ℎ =
[𝐷(𝜆, 0) − 𝐷(𝜆, 𝑡𝑖𝑟)]𝑁𝐴
103 ∙ 𝜀(𝜆) ∙ ∫ ∫ 𝐼0(𝜆)
𝑡𝑖𝑟
0
[1 − 10−𝐷(𝜆,𝑡)]𝑑𝜆 𝑑𝑡
𝜆
 (1) 
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method, with D95* basis set. Using these optimized structures, time dependent DFT (TD-DFT) 
calculations were run using the same B3LYP method. Interactions of solvent were not incorporated 
into the calculations. Visualization of the structures and molecular orbitals was acheived through 
Jmol. 
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CHAPTER 3: RESULTS AND DISCUSSION 
3.1 Synthesis of pyrene-terminated squaraine dyes 
The synthesis of both 1 and 2 are shown in Scheme 1 (p. 5). Preparation of 1-vinylperene 
was done via Witting reaction following a previously reported procedure.47 In both cases, the 
indole derivative (4) was first synthesized via Fisher condensation and then alkylated using 
microwave radiation to produce compound 5 with high yield. Subsequently, the symmetrical 
bromo-substituted indole based squaraine dye (7) was obtained by the condensation of squaric acid 
with the methylene base (6) in a toluene/n-butanol mixture under azeotropic distillation 
conditions.39 Finally, compound 7 was used to synthesize 1 via Heck coupling with 1-vinylpyrene 
and 2 via Sonogashira coupling with 1-ethynylpyrene. 
3.2 Photophysical Characterizations 
The absorption spectra for the two compounds show the characteristic sharp peak for a 
squaraine based dye at ca. 680 nm (Figure 1),24, 39 with additional bands seen below 450 nm 
attributable to the pyrene moieties that terminate the molecules. The anticipated vibrational 
shoulder at 641 nm appears enveloped by the main absorption for 1, though it remains visible for 
2 (at 630 nm). Despite this, the emission spectra for both compounds feature this shoulder, creating 
an approximate mirror image.48 In both cases, the compounds exhibit a very small Stokes shift 
(Table 1), typical for molecules of this type, since the geometry of the excited state is not dissimilar 
from that of the ground state.39 
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Figure 2: Absorption (solid lines) and emission (dashed lines) spectra of 1 (a) and 2 (b) in TOL 
(black), DCM (red) and THF (green). 
 
Table 1: Linear photophysical data for 1 and 2 
 
1  2 
TOL DCM THF  TOL DCM THF 
𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  a /nm 687 676 693  682 680 680 
εb /103 M-1 cm-1 199 190 199  241 328 287 
𝜆𝑚𝑎𝑥
𝑒𝑚  a /nm 707 709 706  695 694 692 
Δλc /cm-1 412 689 266  274 297 255 
φfd 0.68 0.46 0.6  0.79 0.66 0.72 
τe /ns 2.1 1.5 1.8  2.1 1.9 2 
φPh /10-6   19.3    23.6 
a Absorption and emission maxima ±1 nm; b extinction coefficients ±5%; c Stokes shift ±2 nm; 
d fluorescence quantum yields ±10%; e fluorescence lifetimes ±10%. 
The peak of the main absorption band of 1 shows mild fluctuation with solvent polarity 
(676-693 nm), though its emission maxima show more consistency (706-709 nm); meanwhile 2 
retains constancy for both absorption (680-682 nm) and emission (692-695 nm) maxima. The 
small increase in Stokes shift for 1 with the vinylene linker compared to 2 having the ethynylene 
linker is consistent with other reports on the effects of these linkers.50 The extinction coefficients, 
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ε, for both compounds are very high across the investigated solvents, similar to previously reported 
squaraine compounds.24, 39  
The increased fluorescence quantum yields for 2 compared to 1 can be explained by the 
increased rigidity provided by the triple bond linkers, whereas the double bond still allows a limited 
amount of rotation that would expend energy prior to emission. Despite the consistency of these 
efficiencies for 2, there is an anomaly in the case of 1: a lower quantum yield in DCM was obtained, 
though this coincides with a shorter lifetime of the fluorescence. 
Excitation anisotropy traces recorded for the two compounds (Figure 2) exhibit a noted 
similarity to one another, albeit with 1 displaying a greater lean towards an orthogonal emission at 
ca. 450 nm than 2. The plateau running from ca. 530 nm to 660 nm indicates that excitation in this 
region will result in achieving the same electronically excited state. 
 
Figure 3: Excitation anisotropy traces (dark green) for 1 (a) and 2 (b) overlaid on the respective 
absorption (black) and emission (red) spectra in TOL. 
 
In this work, the photochemical decomposition quantum yields for 1 and 2 were determined 
in THF. This parameter comes to relevance in photonic as well as in photobiological applications 
and it is independent of excitation settings during the experiment.24, 29 Both dyes synthesized in 
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this study showed an improved photochemical stability in THF by 2 orders of magnitude compared 
with previously reported coumarin dyes,51-53 which are considered in the literature as highly 
photostable compounds with potential optoelectronic applications. The difference in the 
photostability among the two dyes synthesized in this work can be explained on the basis of the 
nature of the linkers used and the intramolecular interactions. Dye 2 showed a higher photostability 
since the ethynyl bridge provides a stronger bond and a greater rigidity to the system. In the same 
way, this linker also permits a higher conjugation in the π-system compared to dye 1 in which the 
vinylene bridge allows the structure to twist out of the conjugation due to steric interaction.54 This 
assumption is also borne out by quantum chemical calculations further shown below. 
Investigation of the two-photon absorbing properties of the two compounds (Figure 3) in 
both cases revealed maxima exceeding 10,000 GM, not uncommon for squaraine based dyes, due 
to the combination of large transition dipole between the ground and excited state, and the small 
detuning energy once the excited state is reached.24 The peak of this band could not be resolved 
however, due to the overlap with the one-photon absorption band. It is noted, though, that both 
compounds possess a ‘plateau’ of near-constant cross section at ca. 820-1020 nm, and 840-960 
nm, respectively. The maximum 2PA cross section was measured to be slightly higher for the 
ethynylene linked compound, but the plateau of near-constant cross section extends over a larger 
wavelength range for the vinylene linker (200 nm vs 120 nm). These relatively small differences 
are in keeping with reports in the literature that the effect of the type of linker is not usually large.50, 
54  
A second band emerges around 1300 nm, overlapping with the vibrational shoulder of the 
linear absorption. Formally, this transition is forbidden due to the symmetry of the molecules, 
though the selection rules are bent to accommodate the asymmetrical vibrations.24 
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Figure 4: Two-photon absorption spectra for 1 (a, dark blue) and 2 (b, dark red) in DCM overlaid 
on the respective one-photon absorption (black) and emission (red) spectra in DCM and excitation 
anisotropy traces (dark green). 
3.3 Water-induced aggregation of dyes in THF 
It is evident from the molecular structure that the addition of pyrenyl moieties to the 
squaraine core would enhance the aggregation properties due to intermolecular interaction.6, 55-56 
In order to gain some insight about this process, the absorption spectra of both 1 and 2 were 
recorded in several THF-water mixtures at constant dye concentrations of 6 × 10-6 mol/L and 3.5 
× 10-6 mol/L respectively (Figure 4). 
 
Figure 5: Absorption spectra of 1 (a) and 2 (b) as a function of water percentage in THF-water 
binary mixtures. 
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The spectra revealed a new blue-shifted band appearing at 641 and 630 nm for the 1 and 2 
respectively with a bandwidth of the same order of the monomer band. This spectral behavior 
indicates the formation of H-aggregates in solution and it becomes relevant once the water 
composition reaches levels higher than 60 % in volume. This can be explained on the bases of the 
water-THF hydrogen bond formation, at low water concentration levels the solvent-solvent 
interaction becomes relevant and the dye-water interaction is negligible, however as the water 
content in the medium becomes larger, the hydrophobic interaction induces the dye molecules to 
form aggregates to exclude water molecules and reduce the surface tension. As the exciton model 
describes for associated molecules,57 a decrease in the fluorescence quantum yield is expected to 
occur due to a relaxation from the H-band to a forbidden lower energy level.55-56, 58-59 It is also 
known that pyrene derivatives are able to form aggregates in the excited state (excimers) due to 
intermolecular interactions. This observation lead us to develop a concentration dependence study 
of both dyes in different solvents.  
3.4 Excimer study of dyes 
The emission spectra of both dyes in solution were measured in different solvents and their 
concentration dependence is plotted in Figure 5. For all the solvents used, a shift towards longer 
wavelength occurred as the concentration of the dyes increased, which is usual for compounds 
with small Stokes shift and is the result of the reabsorption of the short wavelength region of the 
fluorescence that is emitted by the sample.48  
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Figure 6: Fluorescence emission spectra of 1 (a, c, e) and 2 (b, d, f) measured at different 
concentrations in THF, DCM and TOL.  
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Figure 5 also reveals the appearance of a broad red-shifted fluorescence band as the 
concentration of the respective dyes were increased due to the formation of excited-state dimers 
(excimers). The excimer bands were located at c.a. 774 and 754 nm for 1 and 2 respectively. These 
results suggest that both the excimer formation and reabsorption are playing an important role as 
can be expected from the overlapping of the absorption as well as from emission spectra and the 
small stokes shift.  
 
Figure 7: Plot of IM/ID of 1 (green line) and 2 (red line) recorded in TOL, THF and DCM at different 
concentrations. 
 
The data shown indicates that for these molecules the excimer signals do not reach 
intensities comparable to the monomer emission band at the concentration range in study. This 
result can be attributed to either a low excimer quantum efficiency, or to strong repulsive 
intermolecular interactions6, 15, 17, 60 Moreover, it can be discerned from Figure 5 that in DCM and 
THF the excimer emission becomes as intense as the monomer signal at concentrations reaching 
5 × 10-5 M however this was not the case when using TOL as the solvent. A comparison of the 
monomer (IM) to excimer (ID) intensity ratio for the compounds in the three solvents is shown in 
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Figure 6 for both dyes. In general the IM/ID ratio was higher in TOL followed by THF and finally 
DCM, this trend is in correspondence with the viscosity of the solvents used, which is in agreement 
with the fact that the excimer formation is a diffusion controlled process as it involves the transport 
of the molecules through the solvent media.14-15 Moreover, the normalized absorption spectra of 
both dyes in THF showed no significant change in the concentration range. This result, added to 
the viscosity dependence allowed us to assume that the dynamic excimer (D*) formation: 
A + hν → A* 
A* + A → D* 
prevailed over the excitation of preassociated dimers (static excimer).13 Overall, it can be expected 
that this new approach would lead to low excimer signals which is desired for optoelectronic 
applications.   
3.5 Quantum Chemical Calculations 
The resulting optimized structures (Figure 7) for the compounds from the quantum 
chemical calculations show a planar vinyl-tetramethylindolium-flanked squaraine core, though in 
the case of 1 this planarity does not extend out to the pyrene moieties (Figure 7a), as they lay 
twisted by ~25 °. This distortion appears to have little impact on the conjugation of the molecule 
however, as the frontier molecular orbitals of the two compounds are equally distributed across 
the chromophores (Figure 8).  
The structures of both optimized dyes allow us to corroborate that the slightly higher 
photostability of 2 is due to the greater conjugation through all the π-system, and also that the 
aggregation in this compound is easier than in case of compound 1.   
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Figure 8: Optimized structure of 1 (a) and 2 (b), front (left) and side view (right). 
 
In the case of both compounds, the electron density in the HOMO and LUMO is centered 
on the squaraine core; the overlap between the two states leads to the narrow absorption profile. 
The opposing symmetries of these HOMO and LUMO states make single photon excitation 
possible; however since two-photon excitation utilizes an intermediary virtual state, this process 
requires states with like symmetry, resulting in the majority of nonlinear excitation to shorter 
wavelengths. 
The TD-DFT results (Tables 2 and 3) can be used to generate calculated absorption spectra 
(Figure 9). The first calculated transition at ≈ 630-645 nm is slightly blue-shifted from the 
experimental absorption maxima, but in both cases represent a single transition: HOMO - LUMO. 
At shorter wavelength (≈ 400-410 nm), a higher energy transition is seen primarily between 
HOMO-1 and LUMO+1 overlaps with the short wavelength band seen experimentally, and 
assigned to the pyrene moieties. 
(a) 
  
(b) 
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Figure 9: Frontier molecular orbitals for 1 (left) and 2 (right). 
 
Table 2: Calculated properties of the 15 lowest singlet excited states for 1 determined through TD-
DFT.a 
Transition 
number 
Energy 
/eV 
Wavelength 
/nm 
Oscillator 
strength 
Leading configuration 
1 1.93 644 2.49 H → L 0.95 
2 2.31 537 0.00 H-3 → L 0.96 
3 2.34 530 0.00 H-1 → L 0.75 
4 2.45 507 0.01 
H-2 → L 
H → L+2 
0.61 
0.37 
5 2.48 501 0.00 H → L+1 0.75 
6 2.65 468 0.18 H-2 → L 0.34 
1  2 
 
LUMO+2 
 
 
LUMO+1 
 
 
LUMO 
 
 
HOMO 
 
 
HOMO-1 
 
 
HOMO-2 
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Transition 
number 
Energy 
/eV 
Wavelength 
/nm 
Oscillator 
strength 
Leading configuration 
H → L+2 0.58 
7 3.05 407 0.98 H-1 → L+1 0.89 
8 3.08 402 0.00 
H-4 → L 
H-1 → L+2 
0.25 
0.59 
9 3.13 396 0.00 
H-4 → L 
H → L+3 
0.39 
0.26 
10 3.14 394 0.00 H-2 → L+1 0.71 
11 3.19 389 0.02 
H-5 → L 
H → L+4 
0.65 
0.21 
12 3.23 384 0.33 H-2 → L+2 0.81 
13 3.26 380 0.00 H-8 → L 0.96 
14 3.32 373 0.00 
H-4 → L 
H → L+3 
0.29 
0.50 
15 3.33 373 0.06 
H-5 → L 
H → L+4 
0.26 
0.47 
a H = HOMO, L = LUMO 
Table 3: Calculated properties of the 15 lowest singlet excited states for 2 determined through TD-
DFT.a 
Transition 
number 
Energy 
/eV 
Wavelength 
/nm 
Oscillator 
strength 
Leading configuration 
1 1.96 633 2.51 H → L 0.95 
2 2.29 541 0.00 H-3 → L 0.97 
3 2.39 520 0.00 H-1 → L 0.74 
4 2.48 499 0.01 
H-2 → L 
H → L+2 
0.59 
0.40 
5 2.50 495 0.00 H → L+1 0.75 
6 2.67 465 0.18 
H-2 → L 
H → L+2 
0.37 
0.56 
7 3.09 401 0.90 H-1 → L+1 0.88 
8 3.12 397 0.00 H-1 → L+2 0.64 
9 3.19 389 0.00 H-2 → L+1 0.57 
10 3.23 384 0.00 
H-4 → L 
H → L+3 
0.45 
0.22 
11 3.25 382 0.14 
H-5 → L 
H-2 → L+2 
0.47 
0.40 
12 3.25 382 0.00 H-8 → L 0.97 
13 3.28 378 0.21 
H-5 → L 
H-2 → L+2 
0.29 
0.51 
14 3.40 364 0.06 H-5 → L 0.11 
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Transition 
number 
Energy 
/eV 
Wavelength 
/nm 
Oscillator 
strength 
Leading configuration 
H → L+4 0.47 
15 3.41 364 0.00 
H-4 → L 
H → L+3 
0.19 
0.48 
a H = HOMO, L = LUMO 
 
Figure 10: Calculated absorption spectra (blue) and oscillator strengths (dark blue bars) for 1 (a) 
and 2 (b) overlaid on the respective absorption spectra in DCM (black) and THF (red). 
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CHAPTER 4: CONCLUSIONS 
Two bis(pyrene)-substituted squaraine dyes were synthesized using vinyl and ethynyl 
bridges and their linear and nonlinear photophysical properties have been characterized using 
solvents of different polarity. Both dyes presented high photochemical stability, large extinction 
coefficients as well as high fluorescence quantum yields. Moreover, both derivatives showed a 
relatively broad two-photon absorption with δ > 400 GM over different spectral regions and with 
maxima in the two-photon absorption spectra exceeding 10,000 GM. The 2PA spectra of both dyes 
synthesized in this work revealed an improved charge transfer interaction compared with the indole 
based squaraine dye, due to the extended conjugated π- system.39, 61-62  There were some 
differences in 2PA behavior observed between the two derivatives, but these differences were 
relatively small. Excimer formation was observed even at room temperature. However, the 
magnitude of the excimer signal was affected due to the absorption of the fluorescence emission 
as both derivatives possess very small Stokes shifts.  
These results suggest that the inclusion of electron donor-acceptor-donor interaction in 
pyrene-based derivatives could be a good approach in the design of materials containing PAHs 
with bright red, green and blue (RGB) emission in the development of full-color displays. This 
new approach involves the inclusion of an electron acceptor group interconnecting both pyrene 
moieties. Future studies include the spectroscopic characterization of these compounds in the solid 
phase as part of the search for improved materials with enhanced optoelectronic properties. 
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APPENDIX: 
 1H AND 13C NMR SPECTRA OF NEW COMPOUNDS 
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